of-function allele. Our studies suggest that lak/ath5
function is essential for both timely initiation of retinal neurogenesis and determination of RGC fate.
Results

lak Mutants Are Blind Due to the Absence of Retinal Ganglion Cells
In a clutch of 7-day-old zebrafish larvae derived from a cross of two heterozygous carriers of the lak th241 allele, ‫%52ف‬ of the larvae exhibit a dark coloration when compared to their wild-type siblings ( Figures 1A-1C) , indicating that the mutation is recessive and completely penetrant. Because lak mutants fail at visual background adaptation, we sought to assess the degree of their visual impairment using additional behavioral assays. The optokinetic response (OKR) to a moving grating is a sensitive and quantifiable indicator of visual functions in zebrafish (Brockerhoff et al., 1995; Easter and Nicola, 1996; Neuhauss et al., 1999). We found that the OKR was undetectable in lak mutants (n ϭ 47), while it was present in all wild-type fish examined (n Ͼ 100) ( Figure  1F ). Similarly, the optomotor response (swimming with perceived motion) is completely abolished in the mutant, while swimming, startle-to-tone (P. Page-McCaw and H.B., unpublished data), and touch responses are indistinguishable from wild-type (data not shown).
The lak mutant retina exhibits greatly reduced cell numbers in the GCL (Figures 1D and 1E ). Using the lipophilic axon tracer DiI, we were unable to detect any retinofugal axons in the brain (n ϭ 25; data not shown) or RGC axons in the eye (Figures 2A and 2B ), excluding the possibility that a significant number of differentiated RGCs are present in the mutant retina. To confirm the absence of RGCs, we used a molecular marker, the zn5 
1E
). In order to understand why these GCL cells fail to send axons to the brain, we analyzed their phenotype using cell type-specific molecular markers. We first of the mutant GCL express Hu, indicating that the cells are neurons ( Figures 3A and 3B ). tested whether the mutant GCL consists of undifferentiated or nonneural cells. Retinae of 7 days postfertilizaIn the retina, Hu is a specific marker for ganglion and amacrine cells (Link et al., 2000;  Figure 3A ). Since RGCs tion (dpf) lak mutants and wild-type siblings were stained with antibodies against the Hu RNA binding protein, a appear to be absent in lak mutants, we tested whether mutant GCL cells might have adopted an amacrine fate, neuron-specific marker (Marusich et al., 1994 Figure  5A ). When we stained mutant retina with this antibody, 3F and 3G). Strikingly, nearly all the GCL cells in the mutant retinae were GAD67 ϩ ( Figures 3H and 3I ). Lastly, we saw a dramatic increase in the number of bipolar cells relative to wild-type. This increase was evident we stained mutant and wild-type retinae with anti-tyrosine hydroxylase (TH) antibodies to label dopaminergic both in cell body number and the number of terminals in the IPL ( Figure 5B ). Most mutant sections also exhibit interplexiform cells (DA-IPCs). This cell type can be considered a specialized type of amacrine cell, based on regions where the orderly three-layer pattern of terminals is disrupted ( Figure 5B, tion hybrid panel and found that ath5 maps to a region on LG 13 that precisely corresponds to the position of lak on the genetic map ( Figure 6B ).
lak Encodes Ath5
In order to gain insight into the molecular basis for the The strong linkage between lak and ath5 led us to test whether wild-type ath5 DNA could rescue the lak lak mutant phenotype, we cloned the gene. The mutation the lak phenotype, we performed restriction fragment length polymorphism (RFLP) analysis, taking advantage of the fact that the point mutation abolishes a restriction site within the ath5 coding region. In all cases examined (n ϭ 74), lak mutants carried only the L44P allele of ath5 ( Figure 6E) . By contrast, all phenotypically normal siblings (n ϭ 87) carried either one or two copies of the unmutated L44 ath5 allele ( Figure 6D ). Two out of the 74 mutant fish used for this analysis were recombinant for the closest SSLP marker, 0.71 cM away from the lak locus (data from 983 meioses), but these were nonrecombinant for the RFLP. On the basis of these data, we conclude that we have isolated the molecular lesion underlying the lak th241 allele. We next asked if the lak th241 allele was a functional null or a hypomorph. Carriers of th241 were crossed to a strain (s27) carrying a deficiency of a large region of LG 13 including the lak locus (W. Liao, D. Yelon, and D. Stainier, personal communication). If the mutant allele is a functional null, we would expect the phenotype of the animals carrying the mutation over the deficiency to be identical to the phenotype of the homozygous mutants. Indeed, the retinal phenotype of lak th241 /s27 larvae was identical to that of lak th241/th241 larvae (data not shown). This finding suggests that lak th241 is a functional null, consistent with the predicted change in the amino acid sequence. 
The Wave of RGC Neurogenesis Requires the lak Gene
The first differentiating double cones (arrowheads) appear adjacent to the embryonic fissure (*) in both wild-type (E) and mutant (F), indicating that the ONL neurogenic wave begins on time in lak mutants. Anterior is to the left and dorsal is up in all panels (A-F).
disrupt the neurogenic wave, we stained wild-type and mutant are amacrine cells, not RGCs. These experiments indicate that the wave of RGC differentiation relak mutant embryos with anti-Hu, a marker of postmitotic neurons that is expressed immediately upon cell cycle quires ath5. Figure 3A) .
We next asked whether ath5 is specifically required exit (Kim et al., 1996; Marusich et al., 1994). In the eye, Hu is a specific marker of all RGCs and amacrine cells during the first wave of retinal neurogenesis or whether it might be required for the subsequent INL and ONL (
At 30 hpf, an initial population of differentiated RGCs waves. Hu staining at 48 hpf indicates that amacrine cell neurogenesis starts approximately on time in lak was observed adjacent to the embryonic fissure in wildtype embryos ( Figure 7A ). The size of the Hu ϩ cluster mutants ( Figures 7C and 7D ). To analyze ONL neurogenesis, we used the zpr1 antibody, which labels cone phoincreased gradually at 36 and 43 hpf (data not shown), and by 48 hpf it had spread to encompass most of toreceptors. At 54 hpf, a small patch of photoreceptors could be seen differentiating next to the embryonic fisthe GCL ( Figure 7C) . In mutant retina, by contrast, Hu staining failed to appear at 30 hpf ( Figure 7B ). Nor was sure in both wild-type and mutant ( Figures 7E and 7F) , demonstrating that ONL neurogenesis was initiated at it detectable in mutant retinae at 36 or 43 hpf (data not shown). At 48 hpf, a small cluster of Hu ϩ cells finally the right time and place in the mutant. Furthermore, the spread of zpr1 immunoreactivity between 54 and 72 appeared adjacent to the embryonic fissure in mutant retina ( Figure 7D ). Primary RGC genesis is normally over hpf appeared normal in the mutant (data not shown), suggesting that the wave of ONL neurogenesis was unby 48 hpf, suggesting that these Hu ϩ neurons are amacrine cells participating in the second wave of neural affected by loss of ath5 function. These findings show that the lak mutation specifically affects the RGC differdifferentiation (Hu and Easter, 1999). Thus, in lak mutants, the entire period of RGC genesis appears to pass entiation wave but not later waves of retinal neurogenesis. without any RGCs being generated. The lack of zn5 staining in lak Ϫ retina (Figure 2 and data not shown) The absence of Hu staining during the period of RGC genesis strongly suggests that lak is required for the further indicates that the Hu ϩ neurons observed in the Figure 8C and data not shown) . We wondered type, possibly bipolar or glial cells. To distinguish between these possibilities, we used 5-bromo-2-deoxyuriwhether these earliest-born cells would preferentially populate the "vacant" GCL of the mutant. Some larvae venting the early wave of neurogenesis that normally were allowed to survive in BrdU-free medium until 5 dpf produces RGCs. These findings are consistent with a following the 38-52 hpf BrdU treatment. In contrast to model in which ath5 acts solely to drive progenitors out wild-type retina, in which most GCL cells were BrdU Ϫ , of the cell cycle, leaving specification of cell fate to cellunlabeled cells were difficult to find in the 5 dpf lak , 1996) . Pax6GFP(142) showed cell size, and total cell number do not differ between lak mutant and wild-type (Neuhauss et al., 1999; our unpublished data). For stable GFP expression in a subset of amacrine cells over more than three generations, before carriers were crossed into a lak mutant PKC and GS cell counts, wild-type and lak mutant fish were chosen randomly for counting. The number of labeled cells on a single background. section through the central-most retina, as assessed by maximal lens diameter, was determined.
(C and D) A mutant section from the same BrdU experiment, double stained for BrdU (C) and DAPI (D). Comparison of the DAPI and BrdU staining reveals that almost every cell in the mutant retina remained in the cell cycle at 38 hpf. Only a small patch of BrdU Ϫ cells is evident ([C], arrow). The number of BrdU ϩ cells in the mutant (C) is clearly higher than in wild-type (A). Note the lack of a distinct GCL or INL in mutant retina at 52 hpf (D). Scale bar in (D) is 50 m. (A-D) Anterior is up and dorsal is to the right. (E and F) A model of lak function during retinal neurogenesis. (E) In
